The study of detonations and their interactions is vital for the understanding of the high-speed flow physics involved and the ultimate goal of controlling their detrimental effects. However, producing safe and repeatable detonations within the laboratory can be quite challenging, leading to the use of computational studies which ultimately require experimental data for their validation. The objective of this study is to examine the induced flow field from the interaction of a shock front and accompanying products of combustion, produced from the detonation taking place within a non-electrical tube lined with explosive material, with porous plates with varying porosities, 0.7-9.7%. State of the art high-speed schlieren photography alongside high-resolution pressure measurements is used to visualise the induced flow field and examine the attenuation effects which occur at different porosities. The detonation tube is placed at different distances from the plates' surface, 0-30 mm, and the pressure at the rear of the plate is recorded and compared. The results indicate that depending on the level of porosity and the Mach number of the precursor shock front secondary reflected and transmitted shock waves are formed through the coalescence of compression waves. With reduced porosity, the plates act almost as a solid surface, therefore the shock propagates faster along its surface.
Introduction
Implications of studying shock waves relate to the prediction, protection and control of the overpressures obtained in these phenomena, whether they be intentionally created from explosions or due to accidents such as those occurring in the chemical or nuclear industries. [1] [2] [3] Shock-porous media interactions offer insight to fundamental flow physics related to shock reflection transition phenomena, compressible turbulence in the form of vortices and vortex sheets, and of course shock-vortex interactions. [4] [5] [6] [7] [8] Studying shock-porous media interactions can also be applied to understanding wave propagations during earthquakes which are in essence strong shocks travelling from beneath the earth's crust through layers of rock and soil which behave as the porous medium in this case. According to Britan et al. 9 most structures exposed to pressure loading have the ability to withstand a slower pressure rise much better than a sudden rise. They also make the interesting suggestion of using porous media in the ventilation system of shelters due attenuate any shock waves which might travel down these passages. The control and better understanding of blasts also have applications to pulse detonation engines (PDEs) [10] [11] [12] [13] where the combustion occurs much more rapidly and violently.
Li et al. 14 presented an empirical two-phase approach where the fluid filling the pores and the porous medium are considered as two phases which interact with each other. The predictions of their model matched well with the experimental stagnation pressures obtained at the close end of a shock tube fitted with a porous medium. The work of Xu et al. 15 highlighted the change in material properties when a shock wave impinges on a porous material. The reference provided therein emphasises the impact the shock impingement has on the material properties. Torrens and Wrobelnumerical studies, of the two-phase macroscopic balance equations governing the flow field in incompressible porous media and of a shock wave impinging on a porous media inside a shock tube. Their numerical findings tended to overpredict the experimental ones due to the simplifying assumptions of ideal fluid, which neglects any viscous dissipative forces, and the assumption of isentropic flow. The importance of the viscous terms (appearing in the conservation equations) was also arrived at by Britan et al. 17 The majority of the numerical and experimental work conducted to study blast waves use planar shock waves within closed ended shock tubes, free of combustion products which are present in reallife detonations. The fact that these studies consider closed ended shock tubes restrict the main flow direction to a one-dimensional flow field. According to Hargather and Settles 18 creating the conditions for safe, controllable and cheap explosive blasts within the laboratory is no easy feat since the majority of testing takes place outdoors with tens of kilos of explosive material in a relatively uncontrollable environment. Using non-electrical (NONEL) tubes to create shock waves not only has the benefit of creating repeatable and safe blasts but also has the added advantage of generating the products of combustion. This allows for a more realistic analysis of the flows encountered during high-speed combustion in explosions and PDEs, which will also provide data for the validation of computational codes and analytical models. This is the driving force for the present research.
Experimental setup Porous plates
Three porous plates with varying levels of porosity are examined in this study. Images of these plates are provided in Figure 1 . All the models consist of a metallic honeycomb structure in which layers of ceramic are built over this metal core to reduce the voids and increase the blockage. Since using this method to change the blockage ratio leads to the inevitable increase in model thickness, the plates have different thickness. The porosity is defined as the ratio between the visible area through the plate where the flow is allowed to pass unaffected and the total plate area. This definition eradicates the effect of plate thickness. Porosities of 9.7%, 1.9% and 0.7% are tested with plates having thicknesses of 10 mm, 15 mm and 25 mm, respectively. The porosity is calculated by processing head-on images of the plates using the ImageJ software and obtaining the area of the voids as shown in Figure 2 .
High-speed schlieren photography
High-speed schlieren photography 19 with an optical arrangement similar to that used by Zare-Behtash et al. 20 was employed to visualise the flow, details of the apparatus can be found therein. The Shimadzu Hyper-Vision camera, capable of recording images at a rate of up to 1 Mfps, was used to create a motion picture of the flow field. Even though different frame rates were used to study some interactions, the exposure was kept at a maximum of 2 ms to ensure the flow is frozen in time. Illumination for the Shimadzu camera was provided by a 300 W continuous Xenon lamp.
NONEL tubes
NONEL tubes are used in blasting and mining, crew escape systems in military aircraft, ordnance systems in launch vehicles and missiles, and the study of detonations and their interaction within the laboratory. 21 Due to the detonation of the reactants inside the plastic NONEL tube, a shock wave is created which propagates through the tube. A NONEL DynoLine tube was used in this study having an outer diameter of 3 mm. A length of 0.3 m of NONEL tube was used for each run.
A DynoStart 2 Spark generator with a capacitance of 0.2 mF and output voltage of 2500 V was used to initiate the detonation. Both DynoLine and DynoStart were manufactured by Dyno Nobel Sweden AB (now, Orica Mining Services). The DynoLine contains a mixture of octogen (HMX) ($92% by weight) and traces of aluminium ($8% by weight) at 18 mg/m length of the tube. The energy in these blast waves has been estimated to be about 1.25 J.
The shock wave created propagates along the tube and diffracts into the ambient condition, closely followed by the products of combustion which comprises the reaction front, as shown in Figure 3 . Shortly after the shock front leaves the NONEL, except a small region along the tube axis, the shock front decouples from the reaction zone, these zones are labelled in Figure 3 (a) and (b). The decoupled reaction zone contains shocked but unreacted gases. 22 NONEL tubes were also use by Zare-Behtash et al. 23 to study twodimentional shock interactions.
Due to the small exit diameter of the NONEL tube, it behaves as a point source. Figure 4 depicts the primary shock wave position when viewed from three vantage points during schlieren photography: horizontal, vertical and 45 inclination. The fact that the points all lie on the same line concurs that the diffracted shock wave is indeed spherical in nature. Figure 5 shows the variation of the primary shock velocity with increasing shock wave radius calculated from high-speed schlieren. Therefore by changing the distance of the NONEL relative to the plates the interaction of shock waves having different strengths can be studied.
The primary shock wave position along the axis of the tube was well described by a theory proposed by Jones. 24 This theory was proposed for blast waves of intermediate strength (10> Áp/p 0 5 0.02, where Áp is the overpressure). Figure 6 taken from Obed Samuelraj et al. 25 shows the comparison between the experimental NONEL blast wave trajectory with the ideal blast wave theory proposed by Jones. 24 The figure shows that the trajectory of the blast wave measured along the tube axis follows the trend well. Figure 7 shows the setup used to measure the total pressure behind the porous plates. The transducer is placed flush with the rear surface of the plate as the NONEL tube is traversed away starting from 0 mm to 15 mm and finally 30 mm from the surface of the porous plates. The pressure was recorded at a rate of 125 kHz using a Kulite XT-190M transducer connected to a National Instruments USB-6251 data acquisition system which was controlled using LabVIEW. Every run was repeated twice and the average of the two runs was used to analyse the induced flow field.
Pressure measurements
The degree of repeatability of the pressure measurements is an indication of the repeatability of the entire system, since it takes into account the shock/ flow generated by the NONEL, the subsequent interaction with the plate and finally the measurement of the flow pressure behind the plate. This value is calculated by repeating the same run four times, calculating the average peak pressure for the runs and afterwards dividing the difference between the peak pressures and this average by the mean value of the four. This leads to an error in repeatability of approximately AE3.6%.
Results and discussion
The schlieren images of Figure 8 show the flow developed when the NONEL is flushed with the plates' surface. For comparison, the images are chosen so that the location of the reflected wave in each case is approximately the same. In all three cases of porosity, the incident shock and products of combustion are able to penetrate the plates. With reduced porosity there is less area for the flow to penetrate, leading to greater blockage and hence accumulation of the combustion products at the front surface of the plates. As a result of the interaction between the incident shock and the pores of the plates, multiple internal reflections, diffractions and interactions between these waves themselves occur resulting in numerous compression waves emerging from either sides of the plates. Based on the random scattering of the perforations present within the plates and the low level of porosity, it is believed that the transmitted shock wave is a result of the coalescence of these waves. As the precursor shock arrives at the surface of the porous plates, it is transmitted as a compression wave through the material whilst a shock wave is reflected backwards. From visual inspection, it is clear that with the reduction in porosity, few combustion products are able to pass through the plates and a build up occurs at the front edge. Levy et al. 26 used a very simple but effective model to describe how the compression wave propagates through a porous material interacting with the rigid cell walls and arrives at the other edge. Ignoring the diffraction mechanism, their model stated that any part of the moving wave that hits the skeleton of the pore is reflected back whilst the other portions pass through. Figure 9 shows schlieren images comparing the three plates with the NONEL tube placed 15 mm from the front edge. At a distance of 15 mm the precursor shock front has a velocity of 528AE10 m/s ( Figure 5 ). The distinct difference between these cases and when the NONEL is flushed with the porous plate is the presence of secondary transmitted and reflected waves. Comparing these waves for the different porosity conditions, it seems that the level of porosity has a significant role in whether or not a secondary wave occurs. For example, a secondary transmitted wave is faintly visible in Figure 9 (a), clearly visible in Figure  9 (b), but does not occur in Figure 9 (c) for the least porous plate. A similar trend occurs for the secondary reflected wave, although a distinct wave is identifiable in Figure 9 (c) for the least porous plate, the same cannot be said for the most porous plate in Figure  9 (a). With a reduction in porosity, a greater number of more complex internal wave interactions occur within the plate. These interactions cause decay in shock strength and the waves that manage to travel through to the other side become much weaker to coalesce into a single front. Based on the interaction model of Levy et al. 26 due to a greater number of skeletal structure, more of the initially transmitted compression wave will reflect backwards creating the secondary reflected wave of Figure 9 (c).
When the NONEL tube was moved 30 mm from the plates' surface, the velocity of the precursor shock front reduces to approximately 409AE15 m/s at the surface of the plates ( Figure 5 ). For all porosities tested, no secondary reflected or transmitted wave was observed. From Figure 10 which shows the two extreme porosity levels, as with the previous locations, the propagation of the combustion products is prohibited with reduction in porosity. The timing of these figures was chosen to allow comparison between the compression wave patterns. With greater porosity and therefore less skeletal material, a greater number of compression waves are generated, as can be seen in Figure 10(a) , which propagate outwards. On the other hand, in Figure 10 (b) the flow field is almost empty of any compression waves because the least porous plate produces a greater number of wave interactions, shock reflections and diffractions, which all contribute to the weakening of these waves.
The peak total pressure measured after the shock interaction with the plates, shown in Figure 11 , reveals a linear drop in pressure as the NONEL is moved further away. As expected, the plate with the highest porosity of 9.7% provides less resistance to the propagation of the transmitted compression wave leading to higher pressures. Referring back to Figure 5 where the velocity of the shock front was shown to decay with distance, the reduction in the total pressure measured after the plates is also related to the weaker incident shock impinging on the plate surface. Figure 11 also shows that when the NONEL is flushed with the plate there is a greater variation in peak pressure measured on the back face. For a distance of 0 mm, the peak pressure is almost double for the highest porosity case, whereas for the 30 mm case the peak pressure for the most porous is only 1.5 times that of the least porous plate.
In all cases examined, a sharp rise in pressure was captured which is indicative of a compression front travelling through the porous medium. If the compression front had decayed as it travelled through the porous plates, then a more gradual rise in pressure would have been expected.
The shock propagation Mach number along the plates' surface, determined from the schlieren images is plotted in Figure 12 . In Figure 12 (a), which shows the Mach number of the shock moving along the front edge of the plates, the different NONEL distances and plate surfaces do not result in any significant change in the propagation Mach number. The shock wave moving along the rear of the plate, however, in Figure 12 (b) shows a different behaviour. The shock Mach number along the plate surface increases with reduced porosity. The reason for the increase in shock Mach number with reduction in plate porosity is believed to be several fold: (i) since the incident shock travels through smaller openings with a reduction in porosity, its propagation speed is increased, 27 (ii) due to the smaller area available, the pressure within the plate increases, maintaining the high-pressure ratio across the shock front and (iii) the plate with the least amount of porosity acts almost as a solid plate with no grooves to decelerate the shock front. 28 for the case where the NONEL flushed the plate, the 1.9% porous case shows a lower propagation Mach number than the most porous case of 9.7%. Examining the error bars, the lower limit for the most porous case (M¼0.915) and the upper limit for the 1.9% porous case (M¼0.913) we observe that the difference is only M¼0.002 which is within the acceptable range of experimental errors. Figure 12 (b) also shows that for a given porosity the shock speed along the surface increases as the NONEL is moved away from the plate. This behaviour is explained with the aid of Figure 13 . As the NONEL tube is moved away from the plate, the diffracted shock wave becomes more planar as it propagates outwards and its radius increases. Since the shock has an almost planar front, the edges emerge quickly from the rear of the plate since it has less distance to travel.
Conclusion
Using a NONEL tube with a combination of HMX and aluminium powder reactants deposited on the internal surface, a controlled and repeatable detonation was produced. The NONEL tube acts almost as a point source, creating a spherical shock wave. The NONEL created blast waves exhibit properties which can be well matched by the ideal blast wave theory of Jones.
With a reduction in porosity, the propagation of the combustion products through the plate was deterred. However, the pressure measurements and schlieren visualisations indicated that a sharp compression wave travels through and emerges on the other side as a transmitted shock wave.
The influencing parameters in this study are the porosity and the distance the NONEL is placed from the plate surface which determines the precursor shock Mach number. Depending on these parameters, secondary reflected and transmitted waves occur as a result of the merger between the multiple waves created from the complex and numerous interactions taking place within the plates. Over a longer period, the reduction in porosity created a flow field with relatively less compression waves on either side of the plate.
An interesting observation was the fact that although the Mach number of the reflected shock as it travels along the plate's surface was quite similar to the different porosity and distances examined, the Mach number of the transmitted shock along the surface was found to increase with reduced porosity of the plate.
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